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Abstract: CEPC has been proposed as Higgs factory to precisely measure the properties of
Higgs boson. For the particle flow algorithm (PFA) oriented, electromagnetic calorimeter (ECAL)
is required to have good energy and position resolution. Scintillator ECAL (Sc-ECAL), using
scintillator readout with SiPM as sensitive unit, is one possible technologic way to achieve the
requirements of PFA. A new digitization model have been built from SiPM operating principle
to study the effect of SiPM saturation response. The model also has been validated by practical
measurement results in a few aspects. Full simulation based on CEPC_v4 simplified geometry have
been used to study the effect of SiPM saturation responseon both single photon and Z→νν,H→γγ
benchmark physics process aspects, especially dynamic range and measurement sensitivity after
desaturation. From this study, SiPM with no less than 4000 pixels number,the effect is negligible
for Higgs precise measurement.
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1 Introduction Simulation Tools and Detector Geometry
In 2012, Higgs boson have been discovered by the ATLAS and CMS Collaborations at the
Large Hadron Collider (LHC) at CERN, which has confirmed the last one predicted particle by
the Standard Model (SM). In November 2012, the Circular Electron Positron Collider (CEPC) has
been proposed by the Chinese particle physics community as Higgs factory to precisely measure
the properties of Higgs boson and to explore the aforementioned physics program. Such a physics
programwill be a critical component of any road map for particle physics in the coming decades [1].
To fully exploit the potential of the CEPC physics program, all possible final particles need to be
identified and reconstructed with high sensitivity. In particular, in order to distinguish the hadronic
decays ofW and Z bosons, which will decay to four-jet final states, a 3-4% invariant mass resolution
for two-jet system is required. Accordingly, such resolution needs the energy resolution of the
CEPC calorimetry system for a jet energy resolution of 30%/
√
E , at energies below 100GeV, which
is about a factor of two better than the currently operating calorimeters at the LHC. For the CEPC
calorimetry systems, two different technology approaches are being pursued: particle-flow and
dual-readout calorimeters. The baseline detector concept of CEPC is based on the particle flow
principle. The spectrometers from inner to outer are consisted of a precision vertex detector, a TPC
and a silicon tracker, a high granularity calorimetry system, a 3 Tesla superconducting solenoid
followed by a muon detector.
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In the PFA [2–4] principle, a jet energy is principally contributed from three parts: the momenta
of charged particles, the energies of photons and the energies of neutral hadrons. Therefore, Particle
flow oriented electromagnetic calorimeter (ECAL) and hadron calorimeter (HCAL) are required
to have good energy resolution for photons and neutral hadrons respectively,and good position
resolution for each particle. The capability of different particles separation in one jet is more critical
for ECAL and HCAL than the normally energy resolution requirement. High granularity sampling
calorimetry with sandwich structure is manifestly appropriate for the particle flow oriented ECAL
andHCAL,which have excellent position resolution and enough energy resolution. For CEPC, there
are two technical designs for the sensitive layer to realize the same goal of good position and energy
resolution of ECAL. Sc-ECAL is one of the choices, and a full scale prototype are developing to
research the related technology and demonstrate the performance. The critical parameters of ECAL
for CEPC, including sampling number, cell size and the total radiation length have been optimized
by H. Zhao, through simulation on Z→νν,H→γγ benchmark [5]. For Sc-ECAL, scintillator is
sensitive materials, which will emit plenty of photons proportionally to deposition energy, and
detect the photons from scintillator by SiPM. SiPM also refered as MPPC (Multi-Pixel Photon
Counter) is a new photodetector developing rapidly in recent decades [6]. SiPM can be applied in
many fields due to outstanding features, through, SiPM would arise nonlinear saturation response
with the incident photon increase. On the other hand, SiPM can achieve very large dynamic range
exceeding several times defined pixels with calculable and reliable response function.
For describe the response of SiPM saturation and correct to real signal, an digitization model
from first principle has been build and compareed with measurement results in a few aspects. The
effects of SiPM response after correction on the Z→νν,H→γγ benchmark physics process have
been studied through simulation. The simulation software tools and detector geometry are briefly
introduced in Section 2. The model of SiPM purely digital saturation response and the contribution
on the response of different SiPM features are described in Section 3. Full simulation results of the
effect of various SiPM types on the benchmark physics process will be presented in Section 4 and
discussion of the results and a short summary would be given in Section 5.
2 Simulation Tools and Detector Geometry
A full software chain for the dedicated CEPC simulation studies are achieved, including physics
events, detector responses and the reconstruction of the raw detector information. Figure 1 presents
the flow of event simulation and reconstruction, more detail can be found in the CEPC-CDR [1].
CEPC_V4 model, an improved version of CEPC_V1 [2], had developed to build a simplified
geometry ECAL. The ECAL geometry is like a cylinder consisting of one barrel and two endcaps,
the inner radius is 1843 mm and the length in Z direction is 2450 mm.The total absorber thickness
is 24X_0 and divided into uniform 30 layers. In transverse, sampling structure ECAL consists of
sensitive layer and tungsten absorber plates. Scintillator assembled on the PCB as one sensitive
layer is alternately arranged with the absorber plates. SiPM is coupling in the bottom of scintillator
to detect photons emitted by the scintillator [5]. The scintillator strip size is 45 mm × 5 mm × 2
mm and arranged orthogonal on two adjacent sensitive layers, so that a 5mm × 5mm tiles effective
granularity achieved.
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Figure 1. The CEPC simulation flow chart
Figure 2. The overview of simplified ECAL and the layout of scintillator-tungsten sandwich structure.
This essay forces on the digitization of SiPM response. Arbor [3], which is a new approach of
the Particle Flow Algorithm, has been used to reconstruct particles with detector hits information
from simulation. Furthermore, Strip Splitting Algorithm (SSA) also be adopted to achieve 5mm ×
5mm [4] grnularity for 5mm × 45mm strips orthogonally aligned ECAL.
3 Modelling of the SiPM Response
3.1 Digitization Model of SiPM
It’s well-known function describling SiPM response (3.1), derivation from Poisson distribu-
tion [11] model. This function is in good agreement with the average response of the SiPM with N
total pixels and illuminated by m photons, assuming m photons are absolutely independent.
Nf ired = Npixel(1 − e−m/Npixel ) (3.1)
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which is generally accepted pure digital characteristics response of the SiPM. Whereas, this
function can not give more information when one try to study the statistic distribution fluctuation
with determined incident photons. On the other hand, this simplified model would be powerless,
if taking the cross talk effect into account, which is a very common characteristic of SiPM. In this
paper, a new model have been developed to describe the SiPM response and include as much as
possible common characteristics of SiPM, such as pixel number, photon detector effeciency (PDE)
and cross talk (CT).
The fundamental assumptions of the model are based on the operating principle of SiPM. Each
pixel can arise avalanche at most once within one recovery time even hit by multi-photons. Once
hit and avalanche of arbitrarily pixel, it would have chance to give rise to avalanche of surrounding
pixels, that is so-caled corss talk. The basic idea is to realize the procedure byMonte Carlo sampling
program, the logic diagram is presented in Fig. 3. All of the followed results only discuss within
one recovery time and limited adjacent 4 pixels have possibility to avalanche by cross talk.
Figure 3. The procedure of the SiPM model (left), SiPM fired and cross talk schematic diagram (right)
3.2 The various features effect on SiPM response
Accroding to (3.1), it is simple to derivate (3.2) and this function is the foundation for correction
of SiPM saturation response.
m = Npixel(ln(Npixel) − ln(Npixel − Nf ired)) (3.2)
In principle, incident photons number m and corresponding fluctuation can be obtained ac-
curately by fired pixels number based on the function (3.2). In the sampling program, actually,
the fired pixels number are constrainted to less than the SiPM pixels number at least by one, due
to the function would useless when the fired pixels number equal the SiPM pixels number that is
so-called oversaturation. The response results of SiPM with 10000 pixels and 2000 pixels verus
the incident photon number before and after correction are presented in Figure 4. The simulation
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results indicate that the saturation of SiPM could be accurately corrected in very large range. When
the incident photons are above about six times of pixels number, whereas, the correction would be
powerless. That attribute to the SiPM arise all pixels fired, which means SiPM oversaturation but
the fired pixels number are forced one less than the SiPM pixels number.
The fluctuation of fired pixels number after correction is what one more care about, due to
that would contribute to the measurement accuracy. The left plot of Figure 5 presents the Root-
Mean-Square (RMS) of SiPM response fluctuation trend with the incident photons increase before
correction with different pixels number, which indicates that the fluctuation would descrease with
the incident photons increase due to the SiPM arise saturationwhen incident photons approach to the
SiPM pixels number. After correction, however, the fluctuation increase rapidly with the incident
photons increase as presented in Figure 5, and the 2000 pixels strange performance attribute to the
same reason as Figure 4, the SiPM arise oversaturation and the correction function malfunction.
Figure 4. SiPM model simulation response curve and after correction for 10000 pixels (right) and 2000
pixels (left)
Figure 5. The RMS for SiPM response trend with incident photons for different pixels number before
(right) and after (left) desaturation.
Furthermore, cross talk is also a common characteristic. The cross talk effect would intuitively
aggravate saturation trend of SiPM response. Fortunately, the simulation results of SiPM saturation
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response with different cross talk probability described well by the function (3.1) with new fitting
parameters in each situation. In addition, many new technologies are adopted to decrease the cross
talk probability, generally the probability below 10% can achieved.
Figure 6. The comparison of different cross talk probabilities effect on 10000 pixels SiPM response.
3.3 Validation SiPM model by measurement results
Two SiPM [9] types, with 10000 pixels number (10-µm pixel size) and 4489 pixels number
(15-µm pixel size) respectively, have been adopted for the CEPC Sc-ECAL prototype research and
development. TheCT probability is defined by the count number of signal above 1.5 photon-electron
(p.e.) over the count number of signal above 0.5 p.e., generally achieved by measuring the single
photon spectrum induced by dark count. The typicle single photon spectrum is presented at left of
figure 7. The right plot indicates that the CT probability increases sharply with the over voltage,
which defined as value of operation voltage higher than the breakdown voltage. Meanwhile, the
measured values of CT probability and the datasheet of Hammatsu comply with good when SiPM
works on the recommended operation voltage [9].
On the other hand, the response of SiPM has been measured in very large range, using the
PMT calibration system presented at figure 8. The right plot of figure 8 indicates that the model
describes the actual SiPM response very well in wide range. At the very large range, the difference
between model and the actual response can attribute to the LED light pulse width increse with the
voltage and wider than the SiPM recovery time, which arises a second time avalanche while SiPM
discharge incomplete [11]. Fitting the SiPM response curve with the function (3.1), the parameters
could be obtained for correction. According to the current test results, SiPM with 10000 pixels
can detect up to 15000 photon-electrons within 3% uncertainty, which can meet the dynamic range
requirements for the CEPC Sc-ECAL.
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Figure 7. The single photon spectrum of SiPM and CT probabolity versus operation voltage
Figure 8. PMT calibration system (left) and SiPM response curve measurement result (right)
4 Full Simulation of Higgs measurement
4.1 Higgs reconstructed invariant-mass and resolution
Figure 9. Reconstrocted Higgs invariant-mass distribution for Z→νν,H→γγ
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CEPC is designed as a Higgs factory, over millions Higgs boson events will be produced in
7 years. Precise measurement of Higgs proprieties is the most important goal of the CEPC.
Z→νν,H→γγ is one significant physics process in Higgs precise measurement, which only involve
electromagnetic objects and have very clear background. The deposition energy of the two photons
in the electromagnetic calorimeter through electromagnetic shower is less-than 800 MIPs in one
cell, as presented in the left plot of figure 9. The electromagnetic shower of two photons are
reconstructed by Arbor algorithm [7] like Figure1 simulation flow shows, and the SiPM digitization
process can be inserted before reconstruction to study the effect of SiPM. The left of Figure 9
presents the reconstructed Higgs invariant mass distribution which no the contribution of SiPM
saturation response, the intrinsic width is 1.97 GeV corresponding 1.58% resolution.
As discussed above, the SiPM pixels number would effect the accuracy of photons number and
reconstructed deposition energy in calorimeter, and finally contribute to the reconstructed Higgs
bosonmass and resolution. On the other hand, the light yields also effect the reconstructed accuracy,
due to the SiPM response depends on the light photons. In practice, the light yields is required
at least well seperate the noise and minimum ionized particle (MIP) signal. Figure 10 presents
the reconstructed invariant mass (left) and resolution (right) verus the pixels number of SiPM,
including 4 different light yields situations. The trend of both Higgs mass and resolution strongly
depend on the SiPM pixels number with the pixels number increase and settle out when SiPM pixels
number is large enough. In addition, for both two results the critical pixels number are almost the
same for each light yields situation. For the CEPC Sc-ECAL prototype research, the sensitive unit
consist of scintillator strip coupling with SiPM and the typical light yields for one strip is about
20 p.e./MIP [13]. In this light yields, the effect of SiPM saturation response is negligible after
desaturation when the SiPM with no less than 4000 pixels number. Considering all of the results,
10000 pixels number is a guaranteed value to avoid SiPM oversaturation, meanwhile reserve the
potential of improving the light yield to get more high signal over noise ratio.
Figure 10. SiPM pixels number and different light yield effect on the Higgs invariant-mass (left) and Higgs
mass resolution (right)
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4.2 Higgs measurement sensitivity
The dominate background of Z→νν,H→γγ process is single Z production with photons arise
from the initial and final state radiation. The Z→νν,H→γγ signal is expected to appear as a
resonance over a smooth background in the diphotonmass distribution. The effect of SiPM response
on the sensitivity to this benchmark decay modes also has been examined through simulation. The
result of global fit of Z→νν,H→γγ in typical light yields 20 p.e./ MIP and SiPM with 10000 pixels
number is presented in the left plot of Figure 11. The Higgs mass resolution would be degraded
when SiPM have potential to arise oversaturation response, finally it would degrade the Higgs
measurement sensitivity. The right plot of Figure 11 presents Higgs measurement sensitivity versus
the SiPM pixel number for 20 p.e./MIP and 80 pe.e/MIP light yield. The critical SiPM pixel number
for Higgs measurement sensitency is consistence with the Higgs invariant mass and resolution.
Figure 11. Z→νν,H→γγ,. The markers and their uncertainties represent expectations from a CEPC dataset
of 5.6 ab-1.
5 Summary
The Sc-ECAL for CEPC is PFA-oriented calorimeter with high granularity. The sensitive unit
consist of scintillator strip coupling with SiPM. The demand on the SiPM dynamic range is one
crucial requirement which would strongly effect on the calorimeter performance. A purely digital
model from fisrt principle have been developed to study the effect of SiPM saturation response,
including almost all most various characteristics which possible impact the SiPM response. The
model has been validated in cross talk probability and pixels number through measuring single
photon spectrum and SiPM response curve. The effect of SiPM response on the Higgs precise
measurement have been studied through simulation based on the CEPC software. The SiPM pixels
numbel plays a leading role to the effect on the SiPM response and cross talk also have nontrivial
contribution, the effect of PDE can be absorbed into the photons statistic fluctuation. According
to the current simulation study incidates that the effect of SiPM saturation response on the Higgs
invariant mass and resolution is negligible through correction, when the SiPM abvoe 4000 pixels
number in typical 20 p.e./MIP light yields. The critical SiPM pixel number is consistence for the
Higgs reconstructed invariant-mass and Higgs measurement sensitency. The demand on the SiPM
dynamic range of the Sc-ECAL can meet the Higgs precision measurement at CEPC.
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